In the Sahel, the Anopheles gambiae complex consists of Anopheles arabiensis and the M and S molecular forms of A. gambiae sensu stricto. However, the composition of these malaria vectors varies spatially and temporally throughout the region and is thought to be linked to environmental factors such as rainfall, larval site characteristics and duration of the dry season. To examine possible physiological divergence between these taxa, we measured metabolic rates of mosquitoes during the wet season in a Sahelian village in Mali. To our knowledge, this study provides the first measurements of metabolic rates of A. gambiae and A. arabiensis in the field. The mean metabolic rate of A. arabiensis was higher than that of M-form A. gambiae when accounting for the effects of female gonotrophic status, temperature and flight activity. However, after accounting for their difference in body size, no significant difference in metabolic rate was found between these two species (whilst all other factors were found to be significant). Thus, body size may be a key character that has diverged in response to ecological differences between these two species. Alternatively, these species may display additional differences in metabolic rate only during the dry season. Overall, our results indicate that changes in behavior and feeding activity provide an effective mechanism for mosquitoes to reduce their metabolic rate, and provide insight into the possible strategies employed by aestivating individuals during the dry season. We hypothesize that female mosquitoes switch to sugar feeding while in dormancy because of elevated metabolism associated with blood digestion.
INTRODUCTION
Anopheles gambiae sensu lato (s.l.) consists of several morphologically cryptic species throughout sub-Saharan Africa. In the Sahel region of Mali, this complex includes Anopheles arabiensis (Patton 1905) and A. gambiae sensu stricto (s.s.) (Giles 1902) , which is further divided into the M and S molecular forms; all are important malaria vectors (Coluzzi et al., 1979; Collins et al., 2001; della Torre et al., 2001; Coluzzi et al., 2002; della Torre et al., 2002) . Although they are morphologically indistinguishable and can occur in sympatry (Lindsay et al., 1998; Coluzzi et al., 2002; della Torre et al., 2005; Simard et al., 2009 ), these cryptic species often differ in abundance according to season, local rainfall, latitude and larval site characteristics (Gimnig et al., 2001; Edillo et al., 2002; Koenraadt et al., 2004; Diabaté et al., 2005; Edillo et al., 2006; Diabaté et al., 2008; Costantini et al., 2009) , and thus local differentiation may occur between these taxa. Such ecological niche partitioning and adaptation to different environmental conditions may be reflected by differences in morphological, physiological and/or behavioral characters, such as diet, body size, metabolism and desiccation resistance.
In the Sahel region of Mali, West Africa, A. arabiensis and the M and S molecular forms of A. gambiae often are found together, but their relative proportions often vary seasonally and across years (Coluzzi et al., 1979; Coluzzi et al., 1985; Touré et al., 1994; Touré et al., 1998; Coluzzi et al., 2002; Edillo et al., 2002; della Torre et al., 2005; Costantini et al., 2009; Lehmann et al., 2010) . Specifically, the M form of A. gambiae is the predominant species during the long dry season whereas A. arabiensis and the S form of A. gambiae are more common during the wet season but virtually disappear during the drier months (Lehmann et al., 2010; Adamou et al., 2011) . Further, when the M and S forms are compared in sympatry, individuals of the M form are significantly more drought tolerant than individuals of the S form (Lee et al., 2009) . In contrast to the Sahel region, studies in East Africa, where A. gambiae is only represented by the S form, have indicated that A. arabiensis is more arid tolerant than A. gambiae (Omer and Cloudsley-Thompson, 1968; Lindsay et al., 1998; Petrarca et al., 2000; Gray and Bradley, 2005) . These comparisons suggest that the A. gambiae M form is more arid adapted than A. arabiensis, which is more arid adapted than the A. gambiae S form. It has been hypothesized that some populations need to be reestablished or enriched via migration each rainy season (Simard et al., 2000; Baber et al., 2010) whereas other populations may persist locally in a dormant state, known as aestivation, to survive the dry season (Holstein, 1954; Omer and Cloudsley-Thompson, 1968; Omer and CloudsleyThompson, 1970; Lehmann et al., 2010) . However, few studies have provided concrete evidence for aestivation (Omer and CloudsleyThompson, 1970; Lehmann et al., 2010) . Specifically, our earlier study suggests that in the Sahel, M-form A. gambiae undergo aestivation but that S-form A. gambiae and A. arabiensis may not (Lehmann et al., 2010; Adamou et al., 2011) . In addition to or as a component of aestivation, physiological and morphological differences that allow for reduced nutritional requirements, lengthening of the lifespan and/or higher desiccation resistance may explain the variation in the seasonal abundance and geographic distributions of these mosquito species. For example, aestivating mosquitoes could reduce their metabolic rate (MR), thus reducing energy consumption, caloric requirement, and desiccation stress while potentially increasing longevity. In fact, reduced MR is an important adaptation to harsh environmental climates in a number of species. For example, rodents living in desert environments exhibit reduced MR relative to their non-desert counterparts (Lovegrove, 1986) . Several diapausing insects have a reduced MR as an adaptation for overwintering (e.g. Rivers and Denlinger, 1994; Denlinger, 2002; Canzano et al., 2006; Ragland et al., 2009; Ragland et al., 2010) and in at least one case, MR is reduced below that expected by temperature alone (Canzano et al., 2006) .
There are several examples of studies that directly compare MR between sibling species in an evolutionary context. For example, when MR was measured under stressful environmental conditions, sibling polychaete species in the genus Capitella were shown to have slight but significant differences in MR that were attributed to the evolution of pollution tolerance in one of the incipient species. Interestingly, this difference in MR was not apparent when measured under non-stressful conditions (Gamenick et al., 1998; LinkeGamenick et al., 2000) . Tieleman et al. measured MR across several related genera of birds and found a strong relationship between native aridity and metabolic rate (Tieleman et al., 2003) . In contrast, when Haim et al. measured MR across a range of photoperiods and times of the day of two sibling species of mice, one of which was arid adapted, there was not a significant difference in MR for most intervals tested (Haim et al., 2008) . The authors concluded that a difference in MR was not responsible for the adaptation. Thus, the results of these and similar studies show that changes in MR can evolve as an adaptation to differing environmental conditions in certain cases.
Because the process of gas exchange is a major source of water loss (Joos et al., 1996; Lighton, 1996; Bjerke and Zachariassen, 1997; Tieleman et al., 2003) , a lower MR should thus increase aridity tolerance by reducing water loss due to gas exchange; indeed, reduced resting MR has been previously proposed as a mechanism for desiccation resistance in anophelines (Gray and Bradley, 2005) and other insects (e.g. Bjerke and Zachariassen, 1997) . Because Mform A. gambiae predominates (>95%) during the dry season in our study area (Lehmann et al., 2010; Adamou et al., 2011) , and thus is assumed to be more arid tolerant than either the S form or A. arabiensis, we predict that M-form A. gambiae would have a lower MR than the other two taxa.
Importantly, whole-organism MR is affected by many factors, including body size, activity level, feeding or digestion status, and temperature (Lighton, 1996; Lighton, 2008; Gray and Bradley, 2003; Gray and Bradley, 2006) . For example, larger individuals of a given species typically have a higher MR than smaller individuals, though larger individuals may have a lower relative MR per unit of body mass. Thus, the relationship between mass and MR is rarely truly linear across a large range of body sizes (Lighton, 1996) and is almost invariably logarithmic (Tieleman et al., 2003) . Additionally, for ectotherms such as insects, body temperature is affected by the environmental temperature that the organism experiences, and increasing body temperature also increases MR (Chappell, 1983; Lighton, 1996; Bjerke and Zachariassen, 1997; Clarke and Fraser, 2004) . Similarly, flight activity increases MR, as energy is used by the flight muscles (Reinhold, 1999) , and flying insects are known to have the highest mass-specific MR in the animal kingdom (Joos et al., 1996; Suarez, 2000) . Flying depletes circulating carbohydrate resources, requiring the insect to free up additional energy stores (Nayar and Van Handel, 1971; Clements, 1992; Foster, 1995) . Additionally, previous studies on several mosquito species have shown that MR increases after blood feeding, during digestion and during egg maturation (Kurtti et al., 1979; Clements, 1992; Gray and Bradley, 2003; Gray and Bradley, 2006) .
To explore physiological differences related to differences in aridity tolerance of these species, we measured metabolic rates of wild anopheline mosquitoes during the late wet season in the Sahelian village M'Piabougou, Mali. Because the MR of mosquitoes is affected by many factors, we also measured the effects of temperature, body size, flight activity, sex and female gonotrophic status in each assay. This is the first study of MR conducted in the field and utilizing wild field-collected mosquitoes.
MATERIALS AND METHODS

Study location and mosquito collections
Wild mosquitoes were collected in M'Piabougou, Mali (13.60°N, 7.19°W), a small village with approximately 1500 inhabitants, located within the southern part of the African Sahel region. Most rains fall between June and September, but pools of surface water for larval sites are available from June to November. Surface waters are not present in the vicinity of the village (up to 30km radius) from December to May. The present study was conducted at the end of the wet season, from late October to mid-November 2009.
Indoor resting mosquitoes were collected by mouth aspiration as previously described (Lehmann et al., 2010) . Mosquitoes were transferred to small paper cups and provided access to a cotton ball saturated with water for a minimum of 30min before assays. The sex of each mosquito and the gonotrophic status of females (recently blood-fed, semi-gravid, gravid or unfed) were determined prior to the assay.
Metabolic rate measurements
Metabolic rate was measured using the constant-volume technique, following Lighton (Lighton, 2008) . Metabolic chambers were constructed using 5ml plastic syringes fitted with three-way stopcocks, each with a small hole punctured above the 5ml mark to allow air to flow out of the syringe when flushing (see below). A small microphone was connected with a small piece of airtight plastic tubing to one port of the stopcock, allowing for sound recording of mosquito flight during the assay (see below). The other two ports allowed air to flow into and out of the syringe. For each assay, individuals were gently aspirated into six identical chambers, and one additional chamber was used as a negative control. Each set of seven chambers was simultaneously connected to a pump, which gently pushed scrubbed air into each syringe to replace the atmospheric air and any CO 2 initially produced by the mosquito. The air was scrubbed through a canister containing Ascarite ® and Drierite ® (Sigma-Aldrich, St Louis, MO, USA) to remove CO 2 and water vapor, respectively. The scrubbed air was pumped through the chambers for 3-5min to flush out all original air, at which time the chambers were sealed by depressing the plunger to the 4ml mark and closing the stopcock. Sound recorders were started and the assays were initiated once the stopcocks were closed, sealing the chambers from outside air. The negative control was identical to the assay chambers except that it did not contain a mosquito and sound was not recorded; this chamber was used as a baseline for the chemically scrubbed air and to control for any diffusion of outside air into the chambers during the assay.
The metabolic chambers were left undisturbed for 2-2.5h, allowing mosquitoes to respire and CO 2 to accumulate in the chambers. After the assay was complete, the syringes were individually attached to a stream of chemically scrubbed air being pumped into a FoxBox-C gas analyzer (Sable Systems International, Las Vegas, NV, USA) at a rate of 30-35mlmin -1 . Once securely attached, the stopcock was opened, 3ml of air from the chamber was injected into the gas analyzer and fractional CO 2 , fractional O 2 , flow rate and barometric pressure were recorded automatically via ExpeData software (Sable Systems International). After injection, the chamber containing the remaining 1ml of air and the mosquito was removed, atmospheric air was pulled into the syringe and the mosquito was transferred gently out of the chamber for further analyses (see below). The control chamber without a mosquito was similarly analyzed, and provided a baseline CO 2 measurement to account for any diffusion of outside air into the chambers during the assays, incomplete scrubbing of atmospheric CO 2 and any CO 2 introduced by the small deadspace at the tip of the syringe.
The amount of CO 2 produced by the mosquito over the assay duration was calculated using ExpeData software by first adjusting the baseline of the curve to zero CO 2 and then integrating the area under the curve produced during the injection of the air sample over the time of the injection using the formula V CO2 flow rate ϫ fractional CO 2 in sample (Lighton, 2008) . The baseline CO 2 measurement from the negative control chamber was also calculated using the above method, and subsequently subtracted from each measurement to compensate for the factors described above. The resulting total CO 2 production calculated for each mosquito was scaled by a factor of 4/3 to account for the 1ml of air remaining in the chamber with the mosquito. Finally, this value was divided by the duration of the assay in minutes and converted from ml to l, yielding a measurement of mean l CO 2 produced per minute. Thus, for the duration of this paper, the term MR is used to refer to this measurement (mean lCO 2 min -1 ) per mosquito.
Flight activity analysis
Sound recordings were made during each individual metabolic assay using microphones (ME-15, Olympus America Inc., Center Valley, PA, USA) attached to portable voice recorders (VN-5200PC, Olympus America Inc.). Because mosquito flight produces a very characteristic sound signature, we were able to identify bouts of flight by analyzing the spectrogram of each assay using Audacity 3.1 (Mazzoni, 2009) . Sound signatures characteristic of mosquito flight were confirmed by listening to the recording. The total time each mosquito spent flying during its metabolism assay was determined, and the proportion of time spent flying was calculated by dividing the time the mosquito spent flying by the total time the mosquito was subjected to the metabolism assay.
Mosquito species identification and body size measurement
After the metabolism assay, mosquitoes were killed and preserved in silica gel. To determine each specimen's species and molecular form identity, PCR on one to two legs from each specimen was conducted followed by a restriction enzyme digest with Hha I on the resulting PCR product using standard methods (Fanello et al., 2002) . Individuals not identified conclusively were excluded from the analysis.
As metabolic rate depends on body size (Lighton, 1996 ; SchmidtNielsen, 1997; Gray and Bradley, 2003), we measured body size of each mosquito. Because (1) the weight of females that have taken a blood meal or are gravid likely does not reflect their true body size, (2) dry mass of female A. gambiae increases with age regardless of feeding status (Gray and Bradley, 2005) and (3) varying nutritional conditions during larval development can drastically change the allometric relationships between mosquito body mass and other parameters (Aboagye-Antwi and Tripet, 2010), we used wing length (from the alular notch to the intersection of the radius 3 vein and the outer wing margin; WL) as the primary measure of body size throughout this analysis. Both wings were removed, rehydrated in 80% ethanol and mounted under a coverslip with glycerol. Digital photographs were taken using a DM-4500B microscope with a DC-500 digital camera (Leica Microsystems, Wetzlar, Germany) at 25ϫ magnification at a resolution of 33dpi using Photoshop (Adobe Systems Inc., San Jose, CA, USA). For each wing, 13 specific landmarks (see Fig.A1 in Appendix 1) were mapped using the tps-DIG 2.15 software package (Rohlf, 2010) . The WL measurements for right and left wings of individuals were highly correlated (R 2 >0.998); thus mean WL was used for further analyses for individuals with two intact wings. Only one wing was used for those with only one intact wing. Because the wings of our mosquitoes were sometimes damaged, WL was predicted for each mosquito with both wings damaged (lacking one or both points). Predicted WL was generated using a regression analysis based on distances between other wing landmarks (see Appendix 1) after stepwise regression models identified the best predictors using wings that had all 13 landmarks intact.
To test for any differences between WL and dry body mass (BM) in our models, we weighed individuals to the nearest 0.001mg using a Cahn C-31 electrobalance (Cahn Instruments, Cerritos, CA, USA) after first removing all remaining legs and/or wings from the desiccated specimens to standardize the measurements. However, because of damage in the field and/or poor preservation, only ~60% were intact and thus this resulting subset was used in subsequent analyses.
Statistical analyses
ANOVA models were used to identify factors that significantly affected the MR of mosquitoes and estimate the magnitude of their effects. Temperature during the assay, mosquito body size and flight activity were continuous variables whereas sex/gonotrophic status and species/form were categorical factors; all were considered fixed factors. Initially, a full model with all pairwise and third-order interactions was used, and non-significant interaction terms (P>0.05) were sequentially removed until only significant terms or main-order effects remained. Post hoc comparisons were used to test for differences between gonotrophic stages. All statistical procedures were done using SAS 9.2 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Metabolism measurements were conducted on a total of 300 mosquitoes between 25 October and 15 November 2009. Of these, 233 individuals were identified as either A. arabiensis or A. gambiae s.s. and were classified by sex and female gonotrophic status (Table1); semi-gravid females or those with partially digested blood meals were excluded from all analyses. During the time the measurements were conducted, temperature varied between 25.1 and 32.8°C, with a mean assay temperature of 28.6°C. Mosquito WL varied from 2.79-3.64mm for females (mean3.23mm) and 2.75-3.21mm for males (mean2.96mm). Mean BM varied greatly between gonotrophic states (male, 0.214mg; unfed, 0.290mg; fed, 0.736mg; gravid, 0.543mg), but was not significantly different between species within each gonotrophic state (data not shown). Over half of the mosquitoes flew less than 6s during the assay, representing less than 0.1% of the total assay time, and approximately 25% of the mosquitoes did not fly during the assay. However, four individuals flew for as much as 3-6% of the assay duration, up to approximately 8min, although flight was not continuous.
To test the hypothesis that a difference in MR has the potential to contribute to differences in arid tolerance between A. gambiae s.s. and A. arabiensis, we chose to evaluate the effect of species and molecular form on metabolic rate. However, we were unable to obtain enough males from each species, as only four of the males were A. gambiae s.s. (Table1). Further, of the females measured, appropriate sample sizes were only obtained for A. arabiensis and M-form A. gambiae, as the S form was represented by only eight females (Table1). Thus, we could only perform a female-only comparison between A. arabiensis and M-form A. gambiae in the following analyses. Because gonotrophic status was identified as a significant factor ( Fig.1 ; see below), we used a two-way ANOVA with gonotrophic status and species. Initially, a full-model ANOVA with the interaction term was used, but as the interaction was nonsignificant (P>0.46), it was removed. Both gonotrophic status and species significantly affected metabolic rate (R 2 0.52, F 3,163 58.27, P<0.0001; Table2). Specifically, the changes due to gonotrophic status were similar to those found in the global analysis (see below), whereas the mean metabolic rate of A. arabiensis was significantly higher than that of the M-form A. gambiae ( Fig.2; Table2) . Thus, not taking into account other factors such as flight activity or body size, the mean metabolic rate for A. arabiensis is higher than that of M-form A. gambiae.
To simultaneously analyze the contributions of all factors relevant to metabolic rate, we included flight activity, assay temperature, body size (WL), gonotrophic status and species in a multi-factor ANOVA. As above, initially the model included all second-and third-order interactions, and non-significant interactions were removed. Using this method, no interactions remained in the final model, but all of the main-order effects were significant except for species (Table3). The mean MRs of males and unfed females were not significantly different, whereas the mean MR of gravid females was higher than either of these and the MR of blood-fed females was higher than the rest ( Fig.1; Table3) . Increasing levels of flight, temperature and body size were all factors that significantly increased metabolism, as indicated by their positive estimated values (Table3). When this analysis was repeated expressing body size as BM, the results were similar in both relative effect sizes of the different model parameters and which factors were found to be significant (values in parentheses of Table3); thus it would appear that both indices of body size give similar results overall.
As shown above, for a female-only model using gonotrophic status and species, species was a significant effect (Table2). However, in the most comprehensive model including body size and flight activity, species was no longer significant (Table3). To elucidate whether species was confounded by flight activity and/or Fig.3 ). Indeed, only when WL (or BM) was removed from the model did species became significant (not shown). Thus, the difference initially observed between the two species appears to be mediated by a difference in body size, and not by a physiological difference in the intrinsic MR per tissue. We used the model estimates of the effect size (regression slopes) to rank the significant factors by their impact on MR. Flight had by far the highest impact, increasing MR 22-fold relative to the same time interval of rest (Table3). Blood feeding and gravidity were ranked second and third (Table3). As for temperature, a 1°C change in the environment would increase (or decrease) MR by approximately 6% (Table3), indicating that the daily fluctuation observed during our study interval, approximately 4°C, could change MR by approximately 24%. Using the parameters derived by our model and the standard equation for Q 10 (Randall et al., 2002) , the temperature coefficient, we found that Q 10 2.07 for our system. As above, results were similar whether WL or BM was used as the index of body size (Table3). In summary, flight and gonotrophic status appear to have the highest impact on MR, and a mosquito could reduce her MR by decreasing flight, resting at lower temperatures and reducing the frequency of blood feeding.
DISCUSSION
Anopheles arabiensis and the M and S molecular forms of A. gambiae s.s. often display spatial, seasonal and ecological divergence (Touré et al., 1994; Gimnig et al., 2001; Edillo et al., 2002; Edillo et al., 2006; Koenraadt et al., 2004; Diabaté et al., 2005; Diabaté et al., 2008; Lehmann and Diabaté, 2008; Lee et al., 2009; Lehmann et al., 2010) , indicating that they have been adapting to different spatial or temporal climatic niches. In the West African Sahel, M-form A. gambiae persist in low numbers throughout the long dry season, probably via aestivation, and reappear days after the first rain -before a new generation of adults can be produced (Lehmann et al., 2010) . In contrast, A. arabiensis and S-form A. gambiae reappear weeks after the onset of rains, suggesting that they arrive by migration from areas where permanent water is available (Lehmann et al., 2010) . As physiological or morphological changes often evolve during ecological divergence, we conducted this study to measure variation in MR between these species and molecular forms to determine whether MR could represent an adaptive trait related to the ecological differences among the members of the A. gambiae complex. We hypothesized that a lower MR is an advantage in the arid Sahel because it reduces nutritional demands (and the foraging involved in obtaining new resources), water loss and possibly the rate of cell and tissue aging (Sohal and Weindruch, 1996) , and therefore extends survival. We wanted to compare the intrinsic variation in MR between the members of the A. gambiae complex as well as the factors that indirectly modulate the actual MR. However, because the S form was represented by a small sample size (N8) in our sampling, only M-form A. gambiae and A. arabiensis were included in our analyses. Although a significant difference was found in overall MR between the M-form A. gambiae and A. arabiensis females, this difference was mediated by a difference in body size. Thus, there was no difference in the intrinsic resting MR per unit of tissue between these species. A previous study comparing laboratory strains of A. arabiensis and the S form of A. gambiae also found no significant difference in resting MR after accounting for the effect of body size (Gray and Bradley, 2005) . Because body size is the ultimate determinant of blood-meal size and probably sugar-meal size, a larger mosquito imbibes proportionally greater nutritional resources but burns these resources faster because of its larger mass. Therefore, a mosquito's resources will last for a similar period independent of body size. We conclude that the ecological differences between these species cannot be explained by the difference in their whole-body resting MRs. However, it is important to note that this result does not preclude the possibility of ecologically important differences in metabolism that may only be apparent during the dry season under physiological dormancy.
Species and sex (measured between males and unfed females) did not significantly affect the resting MR, after accounting for body size. However, flight, female gonotrophic status, body size and temperature all were significant. These data highlight the dynamic rather than static nature of MR and suggest that mosquitoes may realize a substantially different MR by changing their behavior. In fact, the magnitude of the difference in intrinsic MR between species adapted to different environments ranges between 9 and 20%. For example, the difference was 8-16% in mice (Haim et al., 2008 ) and 9-20% in polychaetes (Gamenick et al., 1998; Linke-Gamenick et al., 2000) . Even for species with intrinsically different MRs, additional factors are probably necessary to account for their ability to exist in extremely divergent environments. Insect flight can raise the MR 20-to 100-fold over the resting MR (Joos et al., 1996) . We found that flight increases MR approximately 18-to 22-fold in A. gambiae s.l. (Table3), higher than the 10-fold increase in the mosquito Culex tarsalis (Gray and Bradley, 2003) but lower than the 43-fold increase in honeybees (Suarez, 2000) . Lastly, because we utilized wild mosquitoes, we were unable to ascertain any effect of mosquito age on MR, which has been found to have a small but significant effect in A. gambiae s.l. (Gray and Bradley, 2005) . Overall, our results appear to indicate that our unfed mosquitoes had approximately one-third lower MRs than the S-form A. gambiae previously measured [see fig.2 in Gray and Bradley (Gray and Bradley, 2005) ], which could reflect differences in a variety of factors including body size, temperature or activity.
Implications of these results for alternative strategies used by mosquitoes during the dry season
Based on these results, we can evaluate strategies that may be used by mosquitoes during the dry season. In particular, we evaluate the benefit of behavioral changes to extend survival of aestivating mosquitoes with respect to: (1) inactivity/quiescence versus actively locating and acquiring nutritional resources and (2) using blood or sugar as the primary nutritional resource. Importantly, for the below analysis we chose to use WL and not BM to measure body size, because BM and the gonotrophic status of females are inextricably linked. A reproductively active female mosquito forages for sugar and blood sources, locates resting sites and travels to oviposition sites (sometimes over 1km from the nearest house) approximately every gonotrophic cycle, i.e. approximately every 3days. An aestivating mosquito can reduce her energy demands by minimizing flight and selecting a cooler resting site. To evaluate the potential benefit of such a strategy, we predicted realized metabolism using the model parameters obtained from mosquitoes under natural conditions and derived their daily caloric requirements (see Appendix 2). These values were determined in an average-sized (WL3.03mm), unfed M-form female, flying 1hday -1 , under the mean daily temperature during the study (29°C), and compared with the values of the same female resting in a cooler refugium (25°C) without flight (see details in Appendix 2). The energetic requirements for the resting female were 40% that of the average active female, meaning that a single sugar meal has the potential to sustain the resting female 2.5 times longer than a blood meal (Table4). According to our calculations (Appendix 2), this alone can increase the interval between sugarfeeding events from approximately 3.1 to 7.8days (Table4). Thus, seeking shelter in a cooler refugium (such as in an underground shelter) and avoiding flight activity could be adaptive behavioral changes that contribute to longer survival for an aestivating mosquito because this behavior reduces actual MR and energy requirements while lowering oxidative stress (Sohal and Weindruch, 1996) and the risks associated with foraging for sugar and blood sources, as well as oviposition sites, and further increasing their survival. Additional physiological mechanisms to reduce the resting metabolism during aestivation may further extend the benefits of this strategy. The alternative strategy, however, of a 'typical' active mosquito would be required to fulfill substantially higher energetic demands and faces higher risks.
Utilization of a blood meal to fulfill energetic requirements, rather than reproductive demands, would be a costly strategy for aestivating females, because although the caloric content of blood and nectar (with 15% sugars) is rather similar (Appendix 2), freshly blood-fed and gravid females had mean MRs approximately 2.6-and 1.6-fold higher than that of unfed females, respectively. We presume that many of the unfed females, like the males, had taken sugar meals prior to our MR measurements, but their MRs remained the lowest. Similar MR increases were found in Aedes aegypti (Gray and Bradley, 2006) and Culex tarsalis (Gray and Bradley, 2003) in recently fed and gravid females relative to sugar-fed counterparts. An increase in MR during digestion and oogenesis is not surprising, as digestion requires the synthesis of many enzymes to break down the blood mass and for vitellogenesis and other processes during egg production (reviewed in Clements, 1992; Randall et al., 2002) . However, this increase in MR, which results from digestion of blood, but not digestion of sugar, means that although the average caloric value of a blood meal is higher than that of a sugar meal (see Appendix 2), much of the increased value is utilized for digestion and oogenesis. For an active female destined to oviposit, a blood meal will sustain her for a greater interval than a sugar meal (3.8 vs 3.1d; Table4), whereas for a resting female, the sugar meal provides a greater return (7.8 vs 6.0d; Table4). Thus, foraging on available sugar sources during the dry season may provide a greater benefit to aestivating mosquitoes than a blood meal (in the absence of oviposition sites), and could explain why the density of mosquitoes inside houses is extremely low during the dry season (Lehmann et al., 2010; Adamou et al., 2011) . Additionally, during the same time (2-3days) that a female digests a single blood meal, she could obtain two to three (or more) sugar meals because the digestion of sugar is considerably faster than that of blood (hours instead of days) (reviewed in Clements, 1992) . In other mosquito species that undergo a non-reproductive diapause period, a switch from blood feeding to sugar feeding has been observed. For example, female Anopheles messeae in northern Sweden stop blood feeding during winter and instead take sugar before and during the hibernation period (Jaenson and Ameneshewa, 1991) . Reduced blood feeding during diapause has also been found in Culex pipiens (Mitchell and Briegel, 1989; Robich and Denlinger, 2005) , Culiseta inornata (Barnard and Mulla, 1977; Hudson, 1979) and Anopheles freeborni (Washino, 1970; Washino et al., 1971) , and we hypothesize that the greater net caloric return from sugar feeding versus blood feeding may therefore explain the repeated occurrence of this phenomenon across many mosquito taxa.
In conclusion, we found that the resting MRs of A. arabiensis and M-form A. gambiae (during the wet season) were similar, after accounting for variation in body size. Therefore, unless a greater difference exists in the dry season, an intrinsic difference in MR between the species cannot account for the greater aridity tolerance of the M-form A. gambiae. However, behavioral changes, such as reduced flight activity and seeking a cooler resting location, can lower actual MR by 60%. Additionally, sugar feeding during the dry season will provide more energetic resources to mosquitoes than blood feeding (on the same volume) because of the higher metabolism necessary to digest blood as opposed to sugar. Future studies may help determine whether these strategies are used by mosquitoes during the dry season and assess their adaptive value in terms of increased survival and reduced energetic requirements.
APPENDIX 1 Landmarks for wing-length measurements and stepwise regression models to calculate wing length for damaged wings
We used wing length (WL) as a measurement of body size (Lyimo and Koella, 1992; because the wet or dry mass of recently blood-fed or gravid females includes mass that is not reflective of their true body size. For most individuals, the measurement was determined by calculating the distance (in pixels) between the X-Y coordinates of the alular notch (point 1) and the intersection of the radius 3 vein and the outer margin (point 10; Fig.A1A ), and converting to mm. However, as we measured metabolism on wild-caught individuals, sometimes both wings of an individual were damaged (missing one or both points indicated above), and WL had to be estimated. As 13 landmark points on each wing were digitized (see Fig.A1A ), internal distances could be calculated for points located in areas of the wing which were typically undamaged. We used these internal distance calculations in multiple regression models to estimate WL of intact wings, using D2-4, D2-7, D2-11, D2-13, D4-7, D4-11 and D7-11 as possible explanatory variables ('D' denotes distance in pixels between the points, with numbers corresponding to landmark numbers in Fig.A1 ).
Because the wing shapes for females and males are different, separate multiple regression equations were derived for males and females based on these internal distances between key landmarks (Fig.A1B ). For females, the best-fitting model (R 2 0.886) was: WL (mm)0.3873 + 0.00464 (D2-13) + 0.00418 (D4-7) + 0.00356 (D2-11). In contrast, the best-fitting model for males (R 2 0.613) was: WL (mm)1.322 + 0.00554 (D2-13) + 0.00277 (D4-11). Thus, we found that the best-fitting equations derived by the stepwise process were not only different for male and female wings, but did not include all of the same internal landmark distances (Fig.A1B ). However, we were able to accurately predict WL for intact wings, and used these derived equations to predict WL for damaged wings, allowing more individuals of both sexes to be included in the analyses of metabolism data.
APPENDIX 2 Estimated energetic values of blood and sugar meals
The mean energetic value of blood is 3.56 Jl -1 (assumes normal human average values: hematocrit of 40%, plasma glucose concentration of 0.9mgml ) (Richardson, 1994; Hoffman et al., 2005; Lehane, 2005) . To evaluate the energetic content of a sugar meal, we used nectar, which has an average sugar content of 15% by weight and therefore contains 0. . Assuming an equal meal size of 1.5l, a blood meal contains approximately 5.36 J whereas a sugar meal contains approximately 3.77 J. Because the conversion of food consumed to useful energy is not 100%, we will assume a digestive efficiency of 50% for all calculations. Thus, the realized energy of a blood meal is estimated at 2.68 J whereas a sugar meal is estimated at 1.88 J.
Daily energetic requirements for active versus resting females
To estimate the daily caloric requirements of an average M-form A. gambiae female, we used the parameter estimates derived by the ANOVA analysis (Table3) to calculate both active and resting values. We defined an active mosquito as flying for 1hday -1 (allowing for host-seeking, locating resting sites, oviposition sites and sugar sources) and experiencing a mean temperature of 29°C (the mean daily indoor temperature during our study interval; see Results). In contrast, we defined a resting mosquito as spending all of its time without flight in a cooler refugium (25°C, approximated by taking underground measurements in our study area). Both calculations assume an unfed, average-sized (3.03mm; see Results and Fig.3 ), M-form A. gambiae female, and yielded a mean MR of 0.01985lCO 2 min -1 for the active female and 0.00795lCO 2 min -1 for the resting female. Therefore, this combination of reduced flight activity and sheltering in a cooler location could result in a 2.5-fold reduction in daily MR (Table4). For an animal utilizing a carbohydrate energy source, as would be the case for a sugar-feeding mosquito, 1ml of metabolic CO 2 is equal to approximately 21.13 J of sugar metabolism (Carpenter, 1921) , allowing us to calculate the daily energetic requirements of an active or resting mosquito from the above MR calculations (Table4). Finally, combining the estimated energetic value of a sugar meal (see above), we estimated that an active mosquito could be sustained for approximately 3.1days on one average-sized sugar meal, whereas a resting mosquito could survive up to 7.8days (Table4).
A blood meal has a higher energetic value than a sugar meal. However, the MR of blood-fed and gravid females was greatly increased over that of an unfed female (Figs1, 2; Table3) and semigravid females (approximately intermediate between fed and gravid females; data not shown). Therefore, the gross energetic intake of blood feeding differs from the net value after blood digestion. To calculate the approximate net energetic value of a blood meal, we estimated that a female will spend approximately 12h in the fed metabolic state, the next 36h in a semi-gravid state (intermediate in MR between fed and gravid females) and finally up to 24-48h in the gravid state before ovipositing under observed field conditions (Clements, 1992; Lehane, 2005 ) (A.D., A.S.Y. and T.L., unpublished observations). Utilizing the parameter estimates from Table3, combined with these lengths of time in each gonotrophic state, we calculated the mean MR (0.0357mlCO 2 day -1 ) and energetic equivalent (2.26 J) during the full gonotrophic cycle over a period of 72h for the same average-sized M-form A. gambiae female at 29°C but with no flight (as flight is greatly reduced during this time). Given this increased MR during the gonotrophic cycle, an active blood-fed female could be sustained for an additional 0.8days, or 3.8days total, on a single blood meal (Table4). If, however, a female could utilize the remaining nutritional resources for survival instead of becoming gravid, she could persist for an additional 4.0days at resting MR, or 6.0days total on a single blood meal (Table4). Therefore, in the absence of suitable oviposition sites, an aestivating female mosquito during the dry season may receive a higher benefit from taking sugar meals rather than blood meals. This calculation is conservative, with respect to our conclusion, because we assume a single sugar meal versus a single blood meal (whilst a mosquito could take two or more sugar meals during the time she must digest a single blood meal) and because gravid females in the dry season must resorb the eggs in order to sustain themselves, a process which likely entails additional energetic cost.
